Activity-dependent bidirectional modifications of excitatory synaptic strength are essential for learning and storage on new memories. Research on bidirectional synaptic plasticity has largely focused on long-term potentiation (LTP) and long-term depression (LTD) mechanisms that rely on the activation of NMDA receptors. In principle, metabotropic glutamate receptors (mGluRs) are also suitable to convert synaptic activity into intracellular signals for synaptic modification. Indeed, dysfunction of a form of LTD that depends on Type I mGluRs (mGluR-LTD), but not NMDARs, has been implicated in learning deficits in aging and mouse models of several neurological conditions, including Fragile X syndrome and Alzheimer's disease. To determine whether mGluR activation can also induce LTP in the absence of NMDAR activation, we examined in hippocampal slices from rats and mice, an NMDAR-independent form of LTP previously characterized as dependent on voltage-gated Ca 2ϩ channels. We found that this form of LTP requires activation of Type I mGluRs and, like mGluR-LTD but unlike NMDAR-dependent plasticity, depends crucially on protein synthesis controlled by fragile X mental retardation protein and on Arc signaling. Based on these observations, we propose the coexistence of two distinct activity-dependent systems of bidirectional synaptic plasticity: one that is based on the activity of NMDARs and the other one based on the activation of mGluRs.
Introduction
The capacity of synapses to undergo lasting increases or decreases in strength in response to activity patterns is thought to be essential for the processes of learning and memory formation. Currently, the most comprehensive (and most studied) models of bidirectional synaptic modification are activity-dependent forms of long-term potentiation (LTP) and long term-depression (LTD) that require the activation NMDA receptors to initiate insertion or removal of AMPA receptors from the synapse (Huganir and Nicoll, 2013) . The focus on NMDAR-dependent LTP and LTD (NMDAR-LTP/D) results in part because their molecular mechanisms have been worked out to a great detail, particularly in the CA1 region of the hippocampus, and in part because of the wealth of evidence implicating these forms of plasticity in multiple learning processes (Morris, 2013) . In this study, we examined the possibility that the metabotropic glutamate receptors (mGluRs) can also support bidirectional changes in synaptic strength, independently of NMDARs.
It is well established that stimulation of Type I mGluRs (mGluR1 and mGluR5) alone can induce LTD expressed as endocytosis of synaptic AMPA receptors (Lüscher and Huber, 2010) . Mechanistically, this mGluR-dependent form of LTD (mGluR-LTD) and NMDAR-LTD are widely different. They can operate on different subunits of the AMPA receptor (Casimiro et al., 2011) ; and while the induction of mGluR-LTD requires intact protein synthesis and it is under the control of Arc/arg3.1 signaling, the induction of NMDAR-LTD does not (Huber et al., 2000; Park et al., 2008; Waung et al., 2008) . Importantly, the dysregulation of mGluR-LTD has clear functional consequences as it has been implicated in learning deficits associated with aging (Lee et al., 2005; Boric et al., 2008; Yang et al., 2013) , as well as in neuropathological conditions, including fragile X mental retardation (Huber et al., 2002; Bear et al., 2004 ) and Alzheimer's disease (Hsieh et al., 2006) .
In contrast to the well-characterized mGluR-LTD, the case for mGluR-dependent LTP has been more elusive. Although Type I mGluRs modulate the induction of NMDAR-LTP in multiple synapses (Abraham, 2008) , LTP that exclusively requires mGluRs but not NMDARs has only been reported in the subiculum (Fidzinski et al., 2008) , where it is typically "masked" by NMDAR-LTD. This paucity of information prompted us to determine whether activation mGluRs can induce not only LTD but also LTP in the absence of NMDAR. An attractive candidate model to examine was a form of LTP that depends on L-type voltage-gated calcium channels (VGCC-LTP) (Grover and Teyler, 1990) . VGCC-LTP is typically induced under NMDAR blockade with tetanic stimulation of higher frequency and longer duration than the one used for NMDAR-LTP (Grover and Teyler, 1990) . By analogy with mGluR-LTD induction, which also requires stronger stimulation than NMDAR-LTD, we reasoned that the higher induction threshold in VGCC-LTP might reflect the need to build up glutamate at the periphery of the synapse to recruit the largely perisynaptic mGluRs. Our examination of this form of LTP indicated that is indeed dependent on Type I mGluRs and, like mGluR-LTD but unlike NMDAR-LTP, it also requires protein synthesis and Arc signaling.
Materials and Methods
Animals. Animals used were 4-month and 20-month-old male Long-Evans rats or 2-month-old male Arc/Arg3.1 KO and Fmr1 KO mice. Both mouse lines were kept in a BL6 background. Hippocampal slices (400 m) were prepared as described previously (Yang et al., 2013) in ice-cold dissection buffer containing the following: 212.7 mM sucrose, 2.6 mM KCl, 1.23 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM dextrose, 3 mM MgCl 2 , and 1 mM CaCl 2 bubbled with a mixture of 5% CO 2 and 95% O 2 . For recordings in aged rats, we used transcardial perfusion before isolating the brain (Yang et al., 2013) . All the procedures were approved by the Johns Hopkins University animal care committee. The slices were recovered for 1 h at room temperature in ACSF as follows: 124 mM NaCl, 5 mM KCl, 1.25 mM NaH 2 PO 4 , 26 mM NaHCO 3 , 10 mM dextrose, 1.5 mM MgCl 2 , and 2.5 mM CaCl 2 bubbled with a mixture of 5% CO 2 and 95% O 2 .
Synaptic responses. Synaptic responses were evoked with 0.2 ms pulses (10 -80 A) delivered through concentric bipolar stimulating electrodes (FHC) or theta glass micropipettes filled with ACSF, recorded extracellularly in CA1 or CA3 stratum radiatum, and quantified as the initial slope of the field potential. Baseline responses were recorded at 0.033 Hz using a stimulation intensity that evoked a half-maximal response, defined as the maximal response without a population spike (pop-spike). Slices were discarded when the popspike appeared in the initial rising phase (an indication of hyperexcitability), when paired-pulse facilitation at a 50 ms interval was less than ϳ10% (i.e., response 2/response 1 Ͻ 1.1), or when the baseline was not stable (Ͼ5% drift). High-frequency tetanus consisted of four 200 Hz epochs (0.5 s) delivered at 0.2 Hz in the presence of an NMDA receptor antagonist (100 M D,L-APV). Under our experimental conditions, this protocol induces robust LTP in Long-Evans rats in both CA1 (Boric et al., 2008) and CA3 synapses (Yang et al., 2013) . Theta burst stimulation (TBS) consisted of 4 or 6 theta epochs delivered at 0.1 Hz. Each epoch, in turn, consisted of 10 trains of 4 pulses (at 100 Hz) delivered at 5 Hz. LTP magnitude was calculated as the average (normalized to baseline) of the responses recorded 50 -60 min after conditioning stimulation, corresponding to the early phase of LTP (to distinguish it from late LTP). Drugs included 2-Methyl-6-(phenylethynyl)pyridine (MPEP), LY-367385, (2S)-␣-Ethylglutamic acid (EGLU), anisomycin, (2 R)-amino-5-phosphonovaleric acid (APV), and nifedipine from Tocris Bioscience; all other chemicals were from Sigma or Fisher Scientific.
Immunoblot analysis. Western blot was performed using a previously published protocol (Zhang et al., 2015) . Slices were solubilized in cold (4°C) PBS buffer containing 1% Triton, mM EDTA, 5 mM EGTA, and inhibitors of proteases (Roche, 11873580001) and phosphatases (Roche, 4906837001) . After sonication, the lysates were gently mixed for 30 min and centrifuged at 13,200 ϫ g for 15 min at 4°C. The supernatant was collected and mixed with Laemmli buffer for further immunoblotting.
Samples (3.75 g) were loaded onto 4%-12% precast gels (Novex, WG1403A) in a scrambled order-to minimize uneven blotting and ran for 2.5 h at 120 V. Blots were transferred overnight to PVDF membranes at 40 V and blocked with 3% BSA in TBST buffer for 1 h. After proper washing, the membranes were incubated with HRP-linked secondary antibodies for 1 h at room temperature. The antibodies used include the following: anti-Arc monoclonal antibody (Dr. Paul Worley, 1:1000), HRP-linked anti-mouse IgG antibody (GE Life Science, NA931V, 1:1500), HRP-linked anti-rabbit IgG antibody (GE Life Science, NA934V), and peroxidase-conjugated anti-␤-actin antibody (Sigma, 1: 3000). The developed films were imaged and quantified (at 45 kDa for Arc, and 42 kDa for ␤-actin) with ImageJ tools (Zhang et al., 2015) . All protein bands were normalized to ␤-actin in the same samples.
Statistical significance. Statistical significance was evaluated using Prism GraphPad software. The specific tests used were as follows: the two-tailed Mann-Whitney rank test for two sample comparisons and the Kruskal-Wallis test followed by a Dunn's correction for multiple comparisons. Data are mean Ϯ SEM.
Results
The central aim of the study was to determine whether mGluRs could induce LTP in the CA3¡CA1 synapses in the absence of NMDAR activation. To that end, we tested whether the NMDAR-independent form of LTP initially characterized as VGCC-LTP requires the activation of mGluRs. Therefore, unless otherwise noted, in these studies we recorded CA3¡CA1 synaptic responses as fEPSP in hippocampal slices from adult (2-4 month) Long-Evans rats, and LTP was induced with a highfrequency tetanus in the presence of 100 M APV to block NMDA receptors (see Materials and Methods).
VGCC-LTP induction requires mGluR stimulation and protein synthesis
We first tested the effects of blocking the activation of mGluRs on VCCG-LTP using a combination of mGluR antagonists known to block mGluR-LTD. The combination included 10 M MPEP (against mGluR5) and LY-367385 at a high dose (100 M) that blocks all Type I mGluRs (Volk et al., 2006). As shown in Figure  1A , LTP measured at 60 min after tetanus was substantial (132 Ϯ 4%, n ϭ 10 slices) in control conditions (only APV) but negligible in the presence of all antagonists (APV plus MPEP and LY-12436: LTP ϭ 108 Ϯ 1%, n ϭ 10 slices). These differences were significant (Mann-Whitney: p ϭ 0.0011), indicating that this form of LTP, initially characterized as VCCG-LTP, is indeed an mGluRdependent form of LTP (mGluR-LTP). Hence, from here on, we refer to it as mGluR-LTP. Next, we asked whether, as in the case of mGluR-LTD (Volk et al., 2006) , it is necessary to coapply both antagonists to block mGluR-LTP. We found that mGluR-LTP was not blocked by either MPEP (control: 126 Ϯ 8%, n ϭ 11; MPEP: 123 Ϯ 7, n ϭ 15, p ϭ 0.99) or LY-367385 (control: 133 Ϯ 8, n ϭ 14; LY-12436: 125 Ϯ 5, n ϭ 20; p ϭ 0.500) applied alone (not shown), suggesting that Type I receptors can substitute each other in supporting LTP. On the other hand, the Type II antagonist EGU (10 M) did not affect mGluR-LTP (control: 128 Ϯ 7, n ϭ 12; EGLU: 134 Ϯ 5, n ϭ 10; p ϭ 0.500). Together, the results strongly suggest that mGluR-LTP depends specifically on the activation of Type I mGluRs.
A defining feature of mGluR-LTD that distinguishes it from NMDAR-LTD is its strict requirement on normal protein translation (Huber et al., 2000) . We examined, therefore, whether this is also the case with mGluR-LTP. We found that incubation with protein synthesis inhibitor anisomicyn (10 M starting at least 30 min prior collecting baseline and throughout the experiment) severely prevented the induction of mGluR-LTP ( Fig. 1B ; anisomycin: 108 Ϯ 7%, n ϭ 7; DMSO control: 129 Ϯ 6%, n ϭ 7; p ϭ 0.0011). Together, the results indicate that the induction of mGluR-LTP, like mGluR-LTD, depends on both stimulation of Type I mGluRs and intact protein synthesis.
An important motivation for the present study was the observation that, during aging, the integrity of mGluR-dependent plasticity is critical for maintaining youthful learning performance (Lee et al., 2005; Boric et al., 2008; Yang et al., 2013) . Importantly, learning performance in aged individuals correlates positively with the magnitude of LTP induced with VGCC-LTP protocols in both the CA3¡CA1 and the CA3¡CA3 hippocampal pathways. It was of interest, therefore, to confirm the mGluR dependence of this type of LTP in late aging. We found that, in slices from old rats (20 -24 months), the Type I mGluR antagonist combination (10 M MEP and 100 M LY 367385) prevents LTP induced with VGCC-LTP protocols in both the CA3¡CA1 pathway ( Fig  1C: control 124 Ϯ 5%, n ϭ 8; antagonists: 103 Ϯ 1%, n ϭ 9; p ϭ 0.0011) and in the CA3¡CA3 pathway (Fig 1D; control, 122 Ϯ 4%, n ϭ 16; antagonist, 104 Ϯ 1%, n ϭ 21; p Ͻ 0.001), indicating that the strict mGluR dependence of this type of LTP is maintained during aging. 1990; Cavuş and Teyler, 1996; Boric et al., 2008; Yang et al., 2013) . However, other types of conditioning revealed nonadditive interactions between these two LTP forms in the CA3¡CA1 pathway, where LTP induced with prolonged TBS is partially blocked by nifedipine and completely blocked by APV (Morgan and Teyler, 2001) . Therefore, we examined LTP induction with multiple TBS epochs in the CA3¡CA3 pathway. As shown in Figure 2A , and confirming previous observations (Boric et al., 2008; Yang et al., 2013) , in the CA3¡CA3 pathway the standard conditioning of 4 epochs of TBS induced robust LTP that is fully blocked by the NMDAR antagonist APV (control: 118 Ϯ 5%, n ϭ 8; APV: 101 Ϯ 4%, n ϭ 8; p ϭ 0.008). Notably, when we increased the number of TBS epochs to 6, the magnitude of the resulting LTP did not change in the presence of APV (control: 116 Ϯ 5%, n ϭ 21; APV: 115 Ϯ 4%, n ϭ 10; Fig 2B) , but the time course did. The presence of APV slowed down the initial development (the first 20 min) of 6TBS-LTP, which became similar to mGluR-LTP. In a similar fashion, the L-type Ca 2ϩ channel blocker nifedipine did not affect the magnitude of 6TBS-induced LTP (nifedipene: 113 Ϯ 1%, n ϭ 8) but changed its time course, which became faster, like NMDAR-LTP. Although none of the drugs applied in isolation affected the final magnitude of 6TBS-LTP, they did block it when coapplied (APV and nifedipine: 101 Ϯ 2%, n ϭ 8). The KruskalWallis test confirmed the significance of the differences between the 4 groups (H[4, 46] ϭ 12.56; p ϭ 0.057), and Dunn's post hoc test confirmed that only the APV and nifedipine group was different from control. Thus, in the CA3¡CA3 pathway, 6TBS can induce either mGluR-LTP (when NMDARs are blocked) or NMDAR-LTP (when L-type channels are blocked), and in a nonadditive manner: in control conditions (absence of drugs), the magnitude of 6TBS-LTP was not the sum of mGluR-LTP and NMDAR-LTP; rather, the magnitude of the three forms of LTP was similar. On the other hand, we confirmed the nonadditive interactions of the two types of LTP in the CA3¡CA1 pathway where 6TBS-LTP induced a large LTP that was fully blocked by APV and partially blocked by nifedepine (control: 155 Ϯ 6%, n ϭ 29; APV: 98 Ϯ 2%, n ϭ 12; nifedepine: 123 Ϯ 8%, n ϭ 17; H[3, 58] ϭ 30.76; p Ͻ 0.0001; Fig. 2C ). The observation that the two types of LTP are not additive in both the CA3¡CA1 and the CA3¡CA3 pathways suggests that they interact at some level.
Role of fragile X mental retardation protein (FMRP) and Arc in the induction of mGluR-LTP
The induction of mGluR-LTD and mGluR-LTP depends on intact protein synthesis and stimulation of Type I mGluRs. These common requirements prompted us to determine whether downstream molecules known to mediate and control mGluR-LTD also play a role in mGluR-LTP. These studies were done in transgenic mouse lines maintained in a BL6 background. Therefore, we confirmed that in BL6 the LTP induced by the 200 Hz protocol in the presence of APV is blocked by mGluR antagonists (MEP ϩ LY: 108 Ϯ 8%, n ϭ 17; control: 135 Ϯ 5, n ϭ 12; p ϭ 0.0059. Not shown), and by the L-type blocker nifedepine (nifedepine: 107 Ϯ 5%, n ϭ 14; control 133 Ϯ 9, n ϭ 19; p ϭ 0.0139. Not shown). First, we examined FMRP, a regulator of dendritic protein synthesis, whose genetic deletion removes the vulnerability of mGluR-LTD to translation blockers and increases its magnitude (Huber et al., 2002; Nosyreva and Huber, 2006; Waung and Huber, 2009 ). We tested this possibility in the CA3¡CA1 synapses of FMRP KO mice. We found that the protein synthesis inhibitor anisomicyn (anisomicyn: 10 M), which blocks mGluR-LTP in wild-type mice (DMSO control: 123 Ϯ 3%, n ϭ 4 mice, 14 slices; anisomicyn: 100 Ϯ 1%, n ϭ 4,13; Fig.  3A) , did not affect it in the FMRP KO mice (DMSO control: 129 Ϯ 3%, n ϭ 4,14; anisomicyn: 127 Ϯ 2%, n ϭ 4,14. Fig. 3B ). These differences were significant (H[4, 55] ϭ 31.77; p Ͻ 0.0001). The slight increase in the magnitude of mGluR-LTP in the FMRP KO did not reach the conventional significance criteria. Next, we examined the role of the immediate early gene Arc in the KO mice. Previous studies have implicated Arc in AMPAR endocytosis, and its genetic deletion completely blocks mGluR-LTD, but not NMDAR-LTD (Park et al., 2008; Waung et al., 2008) . One reasonable expectation is that, to the extent that LTP and LTD are opposite processes, the deletion of Arc, which impairs mGluR-LTD, should enhance mGluR-LTP. Surprisingly while mGluR- LTP was robust and blocked by anisomicyn in the wild types (DMSO control: 126 Ϯ 2%, n ϭ 4,13; anisomicyn: 101 Ϯ 1%, n ϭ 4,14; Fig. 3C ), mGluR-LTP was completely eliminated in the Arc KO, where the high-frequency tetanus (in APV) induced only a transient and modest post-tetanic potentiation similar to that observed under protein synthesis blockade (DMSO control: 101 Ϯ 1%, n ϭ 4,13; anisomicyn: 101 Ϯ 1%, n ϭ 4,14, p ϭ 0.858; Fig. 3D ). These differences were significant (H[4,54] ϭ 31.77; p Ͻ 0.0001).
Finally, we used immunocytochemistry to determine whether the 200 Hz tetanus in the presence of APV increases Arc protein in CA1. These experiments were performed in minislices with the CA3/DG subfields removed: half of the minislices were tetanized, whereas paired control minislices received only baseline stimulation. At 25-30 min later, the slices were collected and processed for immunobloting. As shown in Figure 4 , Arc protein content was significantly larger in the tetanized slices (tetanized: 0.463 Ϯ 0.028; control: 0.361 Ϯ 0.024, n ϭ 17 pairs, p ϭ 0.0095). Together, these results indicate that mGluR-LTP and mGluR-LTD do share a substantial portion of the initial steps on their induction cascade, including Arc signaling.
Discussion
The present examination of the induction of an LTP form previously described as VGCC-LTP revealed that it depends also on the stimulation of Type I mGluRs, on the integrity of Arc signaling, and on protein synthesis controlled by FMRP. Notably, these mechanistic requirements are also common to the induction of mGluR-LTD (Huber et al., 2002; Nosyreva and Huber, 2006; Park et al., 2008) . Thus, in the absence on NMDAR activity, mGluR stimulation cannot only decrease synaptic strength (see Lüscher and Huber, 2010) but also increase it, and both processes involve Arc signaling. Based on these observations, we propose the coexistence of two distinct mechanisms of activity-dependent synaptic plasticity: one reads NMDAR activity and the other one reads Type I mGluR activity.
Previous studies revealed clear differences in the induction cascades of NMDAR-LTP and mGluR-LTP. From the outset, NMDAR-LTP does not require mGluRs (Selig et al., 1995) , whereas mGluR-LTP does not require NMDARs (Grover and Teyler, 1990) . Downstream from there, the two forms of LTP depend on different sets of initial kinases (Cavuş and Teyler, 1996) , although they appear to converge on the MAPK cascade (Kanterewicz et al., 2000) . Consistent with the notion of different induction cascades, we found that mGluR-LTP requires intact protein synthesis and Arc signaling, which is not the case in NMDAR-LTP induction. These two processes are crucial for the consolidation of NMDAR-LTP into a long-lasting form of plasticity (Plath et al., 2006; Bramham, 2008) but are not required for its initial induction. In that regard, it would be of interest to determine whether protein synthesis-dependent mGluR-LTP is long lasting. Another remaining open question is how protein synthesis and Arc signaling are required for both mGluR-LTP and mGluR-LTD. Although the issue is puzzling, a common intermediate for LTP and LTD is not unusual. For example, there is evidence that NMDAR-LTP and NMDAR-LTD both depend on the activation of CaMKII (Stevens et al., 1994; Coultrap et al., 2014). Similarly, as mentioned, Arc signaling has been implicated in the induction of mGluR-LTD (Park et al., 2008) and in the maintenance of NMDAR-LTP (Plath et al., 2006) . In sum, the differences in mechanism between mGluR-LTP and NMDAR-LTP, and the similarities with mGluR-LTD fit nicely with the notion that NMDARs and mGluRs can activate two distinct systems of synaptic plasticity. In this light, it would be interesting to consider whether mGluR-LTP is also involved in some of the processes where mGluR-LTD has been implicated, such as encoding novelty and learning deficits associated with the fragile X condition (for review, see Bear et al., 2004; Lüscher and Huber, 2010) .
Activation of Type I mGluRs can result in either LTP or LTD through a common initial pathway that depends on protein synthesis, FMRP and Arc signaling. This raises the question of what specifies the polarity of mGluR-dependent synaptic plasticity. In the case of NMDAR-dependent plasticity, the prevailing (yet not universal) consensus is that the polarity of the changes is dictated by the magnitude of the initial intracellular Ca 2ϩ signal. The recent demonstration that mGluR-LTD requires an intracellular Ca 2ϩ increase renders the Ca 2ϩ magnitude hypothesis a plausible mechanism for mGluR-dependent plasticity also.
The observation that mGluR-LTP and NMDAR-LTP can interact (Fig. 2B) suggests that these two forms of LTP can coexist in the same synapse, or at least in close proximity, like NMDAR-LTD and mGluR-LTD (Oliet et al., 1997) coexist in CA1 synapses. The functional consequences of having two coexisting systems of plasticity remain to be explored. One clear difference between these two systems is that in vitro the induction of mGluR-dependent plasticity requires more presynaptic activity than the induction of NMDAR-dependent plasticity. Induction of mGluR-LTP requires tetanus of higher frequency and longer duration than NMDAR-LTP. Similarly, although both forms of LTD are induced with prolonged low-frequency stimulation, mGluR-LTD is typically induced with twice the stimulation pulses as NMDAR-LTD (Oliet et al., 1997; Huber et al., 2000) . These observations open the consideration that these two plasticity systems operate at different levels of neural activity, with mGluR-dependent plasticity being recruited at higher levels of activity. For example, the changes in the correlation between presynaptic and postsynaptic activity are likely computed by the NMDAR-based system when the overall levels of activity are low to moderate. At a higher firing regimen, the NMDAR-based system might saturate and the mGluR-mediated plasticity would be better suited to subserve the function. This two dynamic ranges scenario resonates nicely with the observation that, in the aged hippocampus, which typically expresses high levels of firing rates and excitability, mGluR-dependent plasticity becomes crucial for learning performance (Lee et al., 2005; Boric et al., 2008; Ménard and Quirion, 2012a,b; Yang et al., 2013) . In sum, the realization that Type I mGluRs can support bidirectional synaptic plasticity in similar fashion as previously demonstrated for NMDARdependent plasticity opens questions that are highly significant for our understanding of learning and memory formation.
